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Figure 1. Homing pigeons in a flock  
must coordinate their navigational 
decisions with those of fellow group 
members 
Figure 2. Examples of different outcomes of 
conflict resolution during paired flight. Red and 
Blue tracks show solo flights of birds of a given 
pair; black lines indicate paired path. From left to 
right: bird shown in red acts as leader throughout; 
birds follow a compro-mise route during middle 
section of flight; birds fly a compromise route then 
split up. 
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Collective decisions on the wing: Homing pigeon navigation as a model system 
for group decision-making 
 
Dora Biro, Department of Zoology, University of Oxford, South Parks Road, Oxford, UK, 
dora.biro@zoo.ox.ac.uk  
 
How animals that live in social groups are able to reach joint decisions about many 
aspects of their daily lives is a fundamental question in animal behaviour, and has 
recently emerged as a burgeoning field in which experimental data still lag far behind 
theoretical treatments (1-3). The present work utilises GPS-tracked homing pigeons to 
explore the mechanisms of group decision-making in 
the context of avian navigation (Fig. 1). Our previous 
work has established that given sufficient experience 
with a release site, pigeons come to rely on highly 
stereotyped, individually distinct homing routes, 
which they recapitulate extremely faithfully on each 
subsequent occasion, to the extent that if they are 
displaced laterally from these routes they return to 
them directly, and recapitulate them from the point of 
contact (4, 5).  This robust finding, coupled with the 
observation of high within- but not between-individual 
similarity in route choice, now provides a novel 
experimental system for examining social aspects of 
navigation, addressing the functions of group living in 
a wide-ranging species. Given individual differences 
in route preferences (as well as a strong tendency to travel in flocks), how do co-
navigating birds make collective decisions about their joint movement, and does 
navigating in groups bring benefits to individuals?  
 
In my talk, I describe a combination of empirical and theoretical approaches to exploring 
how navigational conflict is resolved when multiple pigeons, each with its own 
idiosyncratic homing route, are 
released together and must navigate 
to a common goal as a group. I focus 
on pairs – the simplest of groups and 
the most easily modelled (6). By 
constructing pairs whose preferred 
routes differed to varying degrees, I 
have been able to manipulate the level 
of inter-individual conflict specific to 
each pair – and observed results that 
suggested multiple possible outcomes 
to the decision-making process (Fig. 
2). In general, leaders emerged when 
inter-individual conflict was high (i.e., 
preferred routes were highly 
divergent), while effective “democratic” 
averaging of routes occurred only 
when conflict was below a critical 
threshold level. A mathematical model of paired decision-making (in collabo-ration with 
David Sumpter, Uppsala University) produced predictions corresponding to the 
outcomes observed in these data: based on the dual forces of route loyalty and social 
cohesion, the following of simple local rules by each of the birds can account for both 
leadership and compromise under different levels of inter-individual conflict. 
Furthermore, in agreement with more recent tests involving small groups of pigeons (7), 
we were able to ascertain that birds navigated more efficiently in pairs than when alone. 
Indeed, improvements appeared more pronounced than those predicted by route 
averaging alone – fine-scale analysis of tracks suggested that pairs of birds flew locally 
less tortuous routes than singletons, perhaps due to excitatory effects of being in a 
group, or through a reduced need for predator vigilance.  
 
In the case of consensus decisions, a central question concerns the mechanisms 
through which particular individuals are able to contribute with relatively more weight to 
the group’s decision.  In our experiments, leadership did not correlate with individual 
navigational efficiency – in other words, better solo navigators were no more likely to 
assume leadership than their inferior partners. Nevertheless, leadership did derive from 
a fully transitive hierarchy, observed across three release sites, with three different 
groups of birds. The basis of such hierarchies is unclear, but they may have emerged 
from differential relative weightings given by individuals to their attraction to conspecifics 
and attraction to their own route, or from birds’ ability to gauge certain behavioural 
measures (not necessarily navigationally relevant) in their partner, on the basis of which 
they decide whether and whom to follow.   
 
In sum, I suggest that homing pigeon navigation can provide a valuable study system 
for testing theoretical predictions of collective decision-making. Basic principles 
uncovered here are likely to be applicable to many different species and to decision-
making in a variety of contexts. Enticing questions explored in ongoing work concern 
the extent to which our results scale up to larger groups, how repeated interactions 
affect the dynamics of the pair, and whether naïve individuals are able to acquire 
navigational information from more knowledgeable conspecifics. 
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Orientation and Navigation in bats 
 
Richard A. Holland, Max Planck Institute for Ornithology, Department of Migration and Immunoecology, 
Schlossallee 2, Radolfzell, Germany, rholland@orn.mpg.de 
 
Abstract: Until recently very little was known about the cues and mechanisms used by 
bats to navigate, despite a recent suggestion that they may represent one of only two 
groups that display “true” navigation (1). While it was known that bats had the ability to 
home to a roost from long distances and that migrants may be faithful to roosting sites 
from year to year, the way in which they were able to relocate these areas were not 
known. Over 50 years of research into the mechanisms of navigation in other animals, 
particularly birds, has provided possible cues that can be investigated in bat navigation 
but one of the challenges in bat navigation is studying the movement of small 
insectivorous bats in the wild. They have so far not revealed laboratory correlates of 
migratory behaviour like birds. In the last 2 years we have developed techniques to 
investigate the homing and migration of bats in the field and have shown that big brown 
bats (Eptesicus fuscus) use a magnetic compass to orient back to a home roost which 
appears to be calibrated by sunset cues (2). Then, by using the technique of pulse re-
magnetisation we demonstrated that that the likely detection mechanism is a magnetite 
based receptor (3). However, in both the sunset calibration experiment and the pulse re-
magnetization experiment there is evidence for the bats having additional cues by which 
to orient, allowing them to either correct or ignore the faulty information given by the 
manipulated magnetic compass. A recent study of the migratory behaviour of bats at the 
great lakes suggests that adults and juveniles may have different strategies for 
migration, and further investigation will reveal whether this corresponds to the 
differences between adult and juvenile migration strategies in birds (4)  
 
1. Bingman VP & Cheng K (2006) Mechanisms of animal global navigation: Comparative 
perspectives and enduring challenges. Ethology Ecology and Evolution 17, 295-318. 
2. Holland R, Thorup K, Vonhof M, Cochran W, & Wikelski M (2006) Bat orientation using Earth's 
magnetic field. Nature 444, 653. 
3. Holland RA, Kirschvink JL, Doak TG, & Wikelski M (2008) Bats use magnetite to detect the 
Earth's magnetic field. PLoS ONE 3, e1676. 
4. Thorup K, Bisson I, Bowlin M, Holland RA, Ramenofsky M, Wingfield J, & Wikelski M (2007) 
Migration routes of adult and juvenile white-crowned sparrows differ after continent-wide 
displacement during migration. Proc Natl Acad Sci USA 104, 18115-18119. 
 
 
Figure 1. Homing tracks of bats subjected to an eastward (blue) or westward (red) magnetic field at 
sunset (from Holland et al. Nature 444:653). 
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Gravity and bird navigation 
 
Valerii Kanevskyi, High Technologies Institute, Kiev, Ukraine 
 
Lednor and Walcott (1984) discussed the possibility that a disturbed gravity field of 
the earth in areas of gravity anomalies could have a large effect on initial orientation 
of birds released in such places, and Kiepenheuer (1990) confirmed a dominant 
effect of gravity anomalies on homing in pigeons. I propose that pigeons and other 
long-distance migrating birds detect and imprint the vertical earth gravitational vector 
at home during the early life period, and are able to maintain a memory of that vector. 
Comparing the actual versus the memorized vector would allow homeward 
navigation from any place.  
The gravitational field has two main parameters: intensity (force of gravity) and 
direction (vector).  The force of gravity (expressed in mgal) is a variable parameter 
depending on landscape, tectonics, altitude, shape of the earth etc. Variations due to 
the moon are in the range of 0.3 mgal, across Europe maximally 20-30 mgal, and, in 
vertical direction, 30 mgal for every 100 m of altitude. 
In contrast, the gravitational vector is one of the most stable geophysical parameters 
as it always points to the center of the earth. In most cases, it changes monotonically 
and smoothly independent of altitude. Figure 1 shows how this could be used for 
navigation. The assumption is that the bird senses locally the gravity vector as 
humans feel gravity. However, unlike humans, birds may keep a memory of local 
vectors. When far away from home, this results in a mismatch between the actually 
felt gravity vector and the memorized one, and the bird tries reduce the discrepancy. 
This will lead it home eventually. In case of migration, the bird may keep two gravity 
vector memories leading it forth and back.  
 
 
 
 
 
 
 
The gravity hypothesis predicts phenomena or explains observations: 
 
1. In places with massive tectonic breaks, the local gravity vector may cause a 
sudden shift in the smooth change between memorized and actual vector 
experienced by the bird when it is flying home. This should result in temporary 
changes of the flight path or in a period of disorientation. 
2. High mountains should create an additional horizontal gravity field distorting 
the local gravity vector as compared to a gravity vector in a plain. Thus, 
orientation in mountain areas should be less efficient than in a plain. 
Fig. 1. Hypothetical brain structure (planes S) 
for memorizing a local gravity vector. α: angle 
between actually sensed and memorized 
gravity vector. Home is where remembered 
and actually sensed vector match. 
3. Visually impaired pigeons should be able to locate the loft position with an 
error between 10-100 m. 
4. As the gravity hypothesis is a variant of general gradient theories, circling of 
pigeons  around the release site may help them to pinpoint the direction of the 
gradient.  
5. Earthquakes are preceded by oscillations or rapid shift of local gravity vectors. 
This generates, for perceiving animals, the illusion of displacement and they 
move in order to find the matching place, thus out of the zone of the 
earthquake. 
6. The flight trajectories of long-distance migrators should covary  slightly with 
position of the moon and the fall of tide   
In the early 80’s, we have tested pigeon homing across gravitational anomalies in the 
Ukraine  (Kanevskyi et al., 1984).  Single birds and small flocks were tracked by 
helicopter. Some pigeons  birds were equipped with a radiotelemetry device 
transmitting electroencephalographic data from the pigeon’s brain to the helicopter.  
 
  
  
 
 
 
Figure 2 
shows the paths of six pigeons prior and after 
entering a zone with known gravity 
anomalies. Flight in this zone was 
characterized by strong directional changes, but normalized afterwards. Home loft: 
right dot. 
 
 
 
 
EEG recordings during the flight of a pigeon 
are shown in Figure 4. We noted changes in 
EEG activity about 150 m before 
approaching the tectonic anomaly zone, and an increase of theta activity (2-6 Hz). 
Movement artefacts were minimal. Thus, both track and EEG data indicated that the 
pigeon was sensing an irregularity within a flat countryside. 
We plan further experiments at sites with gravitational anomlies un the Ukraine using 
novel GPS tracking technology and small recording devices (Vysotski et al., 2009) in 
order to replicate these finding  
 
 
Fig. 2. Schematic individual pigeon 
flights across a massive tectonic 
break in Ukraine, borders indicated 
by dotted lines. Tracking was done by 
following the pigeon with a helicopter 
(Kanevskyi et al., 1984).  
Fig. 3. Radiotelemetric EEG recordings from a homing 
pigeon crossing a tectonic break. Recording were done 
from a helicopter following the pigeon (Kanevskyi et al., 
1984). Top graph: EEG before crossing anomaly, middle 
EEG, during crossing borders, indicated by arrows; lower 
EEG from orientationless pigeon erring within tectonic 
break anomaly.  
Dornfeldt K. Pigeon homing in relation to geomagnetic, gravitational, topographical, and 
meteorological conditions. Behav Ecol Sociobiol, 1991; 28: 107-23. 
Kanevskyi VA, Sitnik KM, Sheliag-Sosonko JP, Melnikov DI, Dima AG, Busely BI, Moldavan MG, 
Golovikin MI. ПРИМЕНЕНИЕ БИОТЕЛЕМТРИИ В ДИСТАНЦИОННЫХ ГЕОФИЭИЧЕСКИХ 
ИССЛЕДОВАНИЯХ (The use of biotelemetry in remote sensing of geophysical parameters).   
Geophysica, 1984: 291-4. 
Lednor AJ, Walcott C. The orientation of pigeons at gravity anomalies. J. Exp. Biol., 1984; 111: 259-
63. 
Vyssotski, L, Dell'Omo G., Dell'Ariccia G., Abramchuk AN, Serkov AN, Latanov AV, Loizzo A, Wolfer 
DP, Lipp, H-P. EEG in flying pigeons responds to familiar visual landmarks. Curr. Biol, 2009, 19, 1-8. 
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Desertants use visual and olfactory landmarks for navigation 
 
Markus Knaden, Max-Planck Institut für Chemische Ökologie, Evolutionäre Neuroethologie, Gruppe für 
Insektenverhalten Jena, Deutschland, mknaden@ice.mpg.de 
 
Cataglyphis fortis ants forage individually for dead arthropods in the inhospitable salt-
pans of Tunisia. Locating the inconspicuous nest after a foraging run of more than 100 
meters demands a remarkable orientation capability. As a result of high temperatures 
and the unpredictable distribution of food, Cataglyphis ants do not lay pheromone trails. 
Instead, path integration is the fundamental system of long-distance navigation. This 
system constantly informs a foraging ant about its position relative to the nest. In 
addition, the ants rely on visual landmarks as geocentric navigational cues to finally 
pinpoint the nest entrance. 
 
Apart from the visual cues within the ants' habitat, we found potential olfactory landmark 
information with different odour blends coupled to various ground structures. Here we 
show that Cataglyphis ants can use olfactory information in order to locate their nest 
entrance. Ants were trained to associate their nest entrance with a single odour. In a 
test situation, they focused their nest search on the position of the training odour but not 
on the positions of non-training odours. When trained to a single odour, the ants were 
able to recognise this odour within a mixture of four odours. 
 
The uniform salt-pans become less homogenous if one takes olfactory landmarks into 
account.  
 
As Cataglyphis ants associate environmental odours with the nest entrance they can be 
said to use olfactory landmarks in the vicinity of the nest for homing.  
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Homing induced ZENK expression in the olfactory system of pigeons (Columbia 
livia) 
 
Nina Patzke, Faculty of Psychology, Department of Biopsychology, Ruhr-University of Bochum, Bochum, 
Germany, nina.patzke@ruhr-uni-bochum.de 
 
Homing pigeons possess the extraordinary ability to return to their home loft when 
displaced to an unfamiliar location up to hundreds of kilometres away. After determining 
the direction of displacement with respect to their home loft, they use the sun (Schmidt-
Koenig, 1960)or the earth’s magnetic field (Keeton, 1971;Wiltschko et al., 1981) to 
orientate homewards (“map and compass” model of Kramer, 1953). 
 
Papi and colleagues first introduced the importance of olfactory cues during navigation 
in 1971. They sectioned the olfactory nerves of pigeons and could demonstrate that 
these birds were disorientated compared to control birds as they took off towards their 
home direction. Moreover, they found a poor homing performance. These experiments 
inspired a series of behavioural olfactory deprivation studies using several techniques, 
for instance, inactivation of the olfactory epithelium by zinc sulphate, nasal anaesthesia 
using Xylocain, occlusion of nostrils or insertion of nasal tubes. All these treatments 
resulted in a disorientation at the release site and a poor homing performance (Wallraff, 
2005), leading to the conclusion that pigeons are able to rely on an olfactory navigation 
map. According to the original hypothesis, it was proposed that pigeons associate 
different odour information with winds from different directions, and thereby they 
establish an olfactory mosaic map of their immediate environment (Papi et al., 
1972;Papi, 1990). Different compass directions are associated with areas of different 
atmospheric odour qualities. This means that pigeons determine the direction of 
displacement in an unfamiliar location by using the ambient odour profile and comparing 
it to the wind direction associated with that odour profile experienced at the loft. Upon 
using their sun or magnetic compass, they fly off in a direction opposite to the 
associated wind direction. So far, the role of olfaction in pigeon navigation was tested at 
a behavioural level (see Wallraff 2005 for ref.). Nevertheless, a clarification of the role of 
olfactory information during navigation requires an investigation of the neuronal activity 
pattern within the olfactory system and its related structures under different homing 
conditions. Until now this was never done. 
 
To visualize the activity of the olfactory system of pigeons during homing we used the 
expression of ZENK, an immediate early gene (Shimizu et al., 2004). One experimental 
group was released from an unfamiliar site (R) while two control groups were either 
transported to the unfamiliar site but not released (TnR) or were released in front of the 
home loft (RH). Animals were sacrificed directly after arrival at the loft but not earlier 
than 60 min after release. To detect ZENK-positive cells an immunohistochemical 
staining was performed (Santa Cruz, Erg-1, C-19) and the density of ZENK-
immunolabeled cells was measured in the olfactory bulb (OB) and piriform cortex (Cpi). 
The OB and the Cpi revealed the highest ZENK expression in pigeons which were 
released (R, Fig. 1). These results indicate that the OB and the Cpi as a part of the 
olfactory system are actively involved in olfactory processing during navigation. 
Furthermore in the Cpi the TnR and RH birds also differed in ZENK activity, with a 
higher ZENK expression in the TnR birds (Fig. 2), supporting the finding that pigeons 
are generally able to orient at the release site using olfactory cues before taking-off 
(Gagliardo et al., 2001).  
This is the first study revealing the neuronal activation of the olfactory system during 
homing. These results strongly support the hypothesis that olfactory cues are used to 
navigate from unfamiliar sites. 
 
 
Figure 1: ZENK expression in the OB. ZENK cell density of the three releasing conditions: Released (R), 
Transported to the released site not released (TnR), Released in front of the home loft (RH). ***p < .001. 
Scale bar = 500µm. 
 
Figure 2: ZENK expression in the Cpi. ZENK cell density of the three releasing conditions: Released (R), 
Transported to the released site not released (TnR), Released in front of the home loft (RH). ***p < .001. 
Scale bar = 100µm. 
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Spatial orientation in birds and its presumptive neural organization 
 
Helmut Prior, Institut für Experimentelle Psychologie, Heinrich-Heine-Universität Düsseldorf, Germany, 
Helmut.Prior@uni-duesseldorf.de 
 
Orientation in birds covers a wide range of spatial scales from local environments 
relevant during breeding and feeding to long distances travelled during regular 
migrations. A majority of avian species in temperate regions are optional migrants. 
Migration involves innate and learned components, and in different avian groups it is 
dependent to a different degree also on social factors. The following summary will focus 
on the mechanisms used by individual birds for orienting in familiar or unknown terrain.  
 
Still one of the greatest enigmas in animal orientation is the ability of displaced birds, 
e.g. of homing pigeons, to find back from sites never visited before. While birds could 
easily sense the direction of displacement in the north-south direction, it is not clear how 
they sense displacements along the east-west axis. A predominant factor in determining 
the position along the north-south axis might be the magnetic inclination compass. 
Olfactory cues or adjusted clocks in combination with a sun-compass might also be 
involved and might be crucial for sensing displacements along the east-west axis.  
 
In familiar terrain visual information is the predominant cue for most birds, but olfactory 
and magnetic cues might also be used, perhaps with an integrated multimodal area 
map. Recent studies with refined tracking devices (e.g. GPS-based) have provided 
fascinating insights into how homing pigeons might use distinct visual environmental 
features for orientation. A principle problem of studies in large natural environments 
arises from the complexity of the scenery, which puts a limit on the precise identification 
of the cues used by the birds. This problem can be overcome in controlled laboratory 
environments. The latter have the possible drawback that the cues used by birds might 
differ in small-scale and large-scale settings. However, so far results from laboratory 
studies and field studies on visuospatial orientation in birds (mainly pigeons) have been 
highly consistent. Thus, with some caution a combined approach capitalizing on both 
large-scale and small scale orientation will be the best strategy to reveal the principles 
of visuospatial orientation in detail.  
 
In spite of the predominance of visual orientation, birds are true champions in the 
flexible use of different cues, and one of the purposes of exploration at the release site 
in homing pigeons might be the testing of cues from different sensory modalities in 
terms of their reliability. Also, within the visual domain birds appear to very sensibly 
compare the reliability and validity of different cues (e.g. geometry versus landmarks). In 
addition to such short-term adjustments there are experience-dependent effects in that 
categories of cues that have proven valid for some time will likely be used on future 
occasions. This leads to different cue preferences and different orientation strategies in 
birds having lived in environments of different structure. Such experience-dependent 
preferences might explain why pigeons in the mainly warm and sunny conditions of Italy 
rely to a higher degree on olfactory and visual cues than birds in the cooler and 
predominantly overcast conditions in Germany.  
 
 
Fig. 1. Overview of the main components of the spatial information processing system of birds. Short-term 
handling of visual, magnetic or olfactory stimuli is done by either hemisphere, with  
a slightly greater recruitment of neural systems in the right hemisphere which represents a detailed 
physical map. In the left hemisphere, the short-term store is feature-based. There is a lateralization of 
directional orientation in favour of the left brain hemisphere. In the model shown here, the compass 
systems are thought to be organized symmetrically, although this is  
not yet known.  
 
MC, magnetic compass; SC, sun compass. 
 
 
 
Although the major components of central spatial information processing have been 
identified (Fig. 1), their exact neural correlates are largely unknown. Consistent with its 
role as a spatial map in mammals and in food-storing birds, the hippocampus appears 
to have a role in navigational mapping, at least in environments that are familiar or close 
to known territory. Currently, it is not known where information from the different 
compass systems is being processed, and where exactly spatial location information is 
stored in the short-term and in the long-term. Some localizing of function can be done 
on the basis of lateralization studies. While pigeons show no lateralization in overall 
performance during orientation by means of geometric or global visual cues (field and 
laboratory), the left and the right brain appear to focus on different aspects of these 
cues. Representation in the left-hemisphere is feature-based. The right hemisphere 
stores a more detailed physical representation, and the overall recruitment of neural 
networks in the primary sensory processing areas tends to be greater than on the left 
side. There is a left-hemispheric preference for the processing of information related to 
single prominent landmarks and a stronger lateralization in favour of the left brain 
hemisphere for the processing of directional information at unknown or distant release 
sites. This might correspond to the lateralization of magnetic compass information found 
in European robins. Lateralization patterns found in food-storing passerines appear to 
show a similar pattern (where comparable). 
 
Open questions. There is need for a better understanding of the nature of the different 
spatial ‘modules’ used by birds, in terms of their function as well as in terms of their 
neural correlates. As recent studies highlight the flexible use of different cues, 
behavioural experiments (laboratory and field) systematically testing cues against each 
other in combination with recordings of the underlying neural activity are likely to provide 
important new insights. Regarding lateralization of brain function, it should be kept in 
mind that the comparative avian literature on that has been strongly biased by a species 
similarities hypothesis. There is amounting evidence that at least some aspects of 
lateralization differ between the major groups of birds, which have a separate 
evolutionary history for about 100 million years. Therefore, future studies have to show 
which aspects of lateralization are shared by different avian species and which are 
different. Generally, it should be noted that the theories on the neural organisation of 
avian spatial behaviour developed so far are based on a rather limited set of species 
and test paradigms. Thus, it is very important to carry out more comparative research. 
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Two systems for magnetoreception in birds have been suggested, an iron mineral-
based magnetometer sensing the intensity of the magnetic field and a light-
dependent inclination compass. There is support for either system. While for the 
presumptive magnetometer detailed information on the receptor has been provided, 
the ways of central information processing are largely unknown. Regarding the light-
dependent compass, a presumptive area for central processing has been identified, 
but the mode of sensory perception is still a matter of debate. 
 
 
Fig. 1. Overview of the two avian magnetoreceptor systems. 
 
 
Presumptive magnetometer. In the upper beak of the species studies so far (pigeon, 
chicken, European robin, garden warbler) there are peripheral nerve endings of the 
ophthalmic branch of the Nervus trigeminus which contain small soft-magnetic crys-
tals of the iron-minerals magnetite and maghemite. These are orderly organized in 
long strands parallel to the main axis of the dendrites. When these chains of iron-
mineral get oriented parallel to the earth’s magnetic field, the overall magnetization 
and the resulting forces can be expected to be strong enough to trigger transduction 
processes as known from other sensory systems.  
 
The magnetosensitive nerve endings occur in three clusters on the left and right side 
of the upper beak, and the major orientation axes of each of these clusters differ in 
terms of Cartesian dimensions. Therefore, the whole array is suited to detect the 
strength and direction of magnetic forces acting on the receptors.  
 
Although the system appears to be an ideal device for obtaining 3D-information on 
magnetic forces at the receptor level, it is not clear what of this information is used 
and how and where it is processed by central brain structures. One of the reasons for 
this lack of knowledge is the lack of working paradigms for testing the birds’ use of 
magnetic intensity information at the behavioural level. Until recently, all experiments 
on the learning of magnetic cues in birds have failed, probably due to the use of 
experimental designs that were ignorant towards the spatial nature of magnetic 
information. In two successful experiments from the last few years the magnetic cues 
provided still only partially matched the properties of natural local magnetic fields, 
and the results have been only partially convincing. Experiments that might 
overcome earlier difficulties are suggested. 
 
Light-dependent inclination compass. Since some light-induced chemical processes 
are altered by magnetic fields in a direction-dependent manner, it has been sugges-
ted that the eyes of birds serve as an inclination compass (the interaction with the 
magnetic field depends on the angle of interaction but not on the polarity). If photo-
receptors, which are suitable for modulation of light perception by magnetic fields, are 
arranged in a predictable manner in different directions (as, in principle, they are in 
the half-sphere of the vertebrate retina) a modulation pattern will emerge that could 
be used to calculate compass directions. In birds, cryptochromes, which have the 
required properties, have been demonstrated. Consistent with their presumptive role, 
they appear to be more abundant in migratory species. Furthermore, their expression 
peaks at phases of migratory activity, and a central brain area has been identified 
that shows higher neuronal activity at times of migratory activity.  
 
Contrary to repeated claims in several recent publications, there is no evidence that 
magnetic modulation of photoreception through cryptochromes is restricted to one 
eye. Such assumption is also not consistent with typical general findings on laterali-
zation, which suggest strong lateralization for complex central processing (language, 
sophisticated motor patterns as in handwriting, and the central processing of 
directional information in birds) but weak or no lateralization for peripheral sensory or 
motor processes.  
 
Open questions. Regarding the presumptive magnetometer, behavioural tests are 
needed that allow for a systematic testing of the relevant cues and of processing in 
the central nervous system. In terms of the light-dependent compass, two 
clarifications would be most important for the moment: First, more clear-cut evidence 
for a direct role of avian cryptochromes in sensing the magnetic field is required. 
Second, is has to be investigated whether the correlated brain activity in ‘cluster N’ 
really means processing of magnetic compass information or whether it just means 
processing of other information related to migratory activity or to vision at low light 
intensities. For a better understanding of either system it would also be important to 
clarify the nature of fixed direction responses. After manipulations of either system 
(high intensity pulses, combination of light of different wavelengths) migratory birds 
appear to show significant directional responses which are not in their natural 
migratory direction. So far, it is unclear whether the directional information in such 
fixed responses is provided by the magnetometer or by the inclination compass. 
Also, it is not clear whether the directions taken by the birds reflect just an artefact or 
have some meaningful basis. Further understanding of this phenomenon would not 
only help to reveal the exact function of the one or other magnetoreceptor system, it 
also would be a first step towards an understanding of how the two systems interact.  
 
As things stand, it cannot yet fully be ruled out that the situation is just the opposite 
from what is currently favoured by most researchers. The 3D-magnetometer could, in 
principle, be an inclination compass as any polarity compass with several dimensions 
could be used as an inclination compass during subsequent neuronal processing. 
Similarly, it cannot fully be ruled out that the cryptochromes in the avian eye are 
mainly involved in adjusting migratory activity to the appropriate illumination level and 
time of day. Recent findings on preserved compass orientation after anesthesia of 
the mucosa of the upper beak are not convincing as it is quite likely that the 
superficial anesthesia of the mucosa has faded out long before the end of the test 
sessions. Stronger evidence for the location of the avian magnetic compass in the 
eye or at least outside the beak would be provided by experiments with anesthesia to 
the N. trigminus itself or with sectioning of the N. trigeminus.  
 
Finally, appropriate cognitive experiments and the screening of published avian 
orientation data for effects predicted by the light-dependent compass model are 
needed. For example, in the model suggested by Ritz and co-workers retinal 
modulation patterns perceived in the west are mirrors of the patterns perceived in the 
east, with north-eastern patterns being mirrors of north western-patterns and south-
eastern patterns being mirrors of south-western patterns. Therefore, data showing a 
more frequent confusing of east with west but not of north-east with south-west or 
north-west with south-east (in all cases a difference of 180°) would lend some 
support to the model, while an absence of such effects would suggest that a revision 
of the model is required. A number of further predictions regarding the cognitive 
processing of magnetic cues can be derived from the model. These can easily be 
tested and can so be used to elaborate current hypotheses on light-dependent 
magnetoreception.  
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Scatter-hoarding birds in the field hide anywhere from several thousands (Tomback 
1980) to several tens of thousands of items each year (Brodin 2005). 
 
 In this presentation, I explore what the implications are of this behaviour on the large-
scale spatial cognitive abilities of these birds.  
 
I will briefly explore two different groups of food-hoarding birds with very different natural 
histories and ecologies, and hence different demands on their spatial cognition: the 
nutcrackers (Nucifraga sp.) on the one hand, and the tits (Paridae) on the other hand. 
 
The best studied nutcracker, Clark’s nutcracker (N. columbiana), relies heavily on pine 
seeds for its survival and reproduction. At the time of year when these seeds are ripe, it 
caches up to 33,000 of these in almost 8000 separate locations. Caches are buried in 
the soil, and therefore only certain areas are picked out in which to cache seeds: those 
with relatively loose soil that is well drained (Tomback 1977). Within those areas, cache 
locations are chosen near obvious landmarks. These caches are used only occasionally 
in early and mid-winter, when many pine cones on the trees and the ground still contain 
seeds, but they become especially important in late winter and early spring, when all 
other food has disappeared.  
 
The caches do not only serve to feed the wintering birds, but are also crucial in feeding 
the young in the next breeding season.  
 
Therefore, caches are mostly retrieved 6-8 months after they have been hidden 
(Tomback 1977).  Because the birds roam over large areas in a semi-nomadic fashion, 
and caches are restricted to certain areas, the birds need to remember where these 
areas are, and be able to navigate to them in times of need. This would require large-
spatial-scale cognition on the part of the nutcrackers, although the number of areas in 
which caches have been placed is not necessarily very large.  
 
Secondly, once the cache areas have been located, the birds use memory for the exact 
locations of the individual caches in order to retrieve them effectively. This memory has 
been shown to last for up to 9 months (Balda & Kamil 1992). This therefore requires a 
large-capacity, long-lasting spatial memory, but not necessarily of a large spatial scale, 
as the local landmarks at the caching area are used to re-located the exact cache 
locations. The hypothesis is therefore that nutcrackers use a hierarchical spatial 
memory system, with large-spatial-scale memory to relocate the (relatively few) caching 
areas, and small-spatial-scale memory to locate individual cache sites within an area. 
 
Most scatter-hoarding tits are winter-territorial in small flocks of up to 6 individuals. They 
hoard a large number of items when seeds are abundant in the autumn, and consume 
them throughout winter when food is less abundant. Even the most conservative 
estimates put this number at well above 20,000 items (Brodin 2005), and each item is 
hidden in a separate location. The spatial pattern in which these items are hidden is 
very different from the strategy used by the nutcrackers, however. Hoarding tits hide 
Figure 1: Artificial seed caches laid out in 
four different patterns (a) disappear at 
different rates (b).  The axes in (a) 
represent meters.  Figure adapted from 
Male and Smulders (2007a). 
food items inside their own personal foraging niche, and hoarding niches overlap less 
between individual flock members than do foraging niches (Brodin 1994).  
 
This means that in the long term, the birds 
are more likely to come across their own 
caches than are any other individuals. For 
this long-term retrieval, no specialized 
spatial cognition is therefore required.  
However, in order for the cached items to be 
retained in their cache locations for many 
months, the birds have to use specific 
strategies to reduce the loss to other 
foragers. One of these strategies involves 
the spatial distribution of the cache sites. 
We have shown that more dispersed cache 
distributions, which do not contain any 
spatial clumps of items, are more likely to 
retain more of their caches than if the 
distribution contains clumps (Male & 
Smulders 2007a; Fig. 1). In order to obtain 
such a non-clumped distribution, the birds 
need to take into account the location of 
existing caches when hiding new caches. 
They do this by using the memories of 
where existing caches are located in order 
to prevent new caches from being hidden 
too close to existing ones (Male & Smulders 
2007b).  
 
In this manner, large quantities are hoarded 
during the peak hoarding season, and we believe that for the duration of this hoarding 
peak (approximately 4-5 weeks) the birds keep in memory the locations of all newly 
created caches. The birds typically hide items in the vicinity of where they are  
found during large-spatial-scale memory, as the bird at any one point in time only needs 
to be concerned with near-by caches.  However, it does require a very large-capacity, 
and medium-term (~4 weeks) duration memory.  Finally, in addition to the seasonal 
peak in hoarding, the birds continue to hoard smaller numbers of items throughout 
winter, which are used to buffer them against unexpected or unpredictable food 
shortages on a much shorter time scale (on the order of days).  These are made (and 
retrieved) while the flock slowly forages through its territory.  Recently made caches can 
therefore be found throughout the birds’ territory.  In order to effectively use these short-
term hoards then, the birds again need to remember exactly where they hid them, so 
they can access them upon demand.  But again, they only need to remember at any 
one time the items hidden in the immediate vicinity, as they are unlikely to fly far away 
from the rest of the flock to retrieve a food item.  This second use of food caches 
therefore requires a medium-capacity (a few hundred locations at any one time), 
medium-duration (up to a few weeks), but small-spatial-scale spatial memory. 
 
The two scenarios outlined above for these two groups of food-hoarding birds indicate 
that the type of large-scale spatial cognition required by these different birds depends 
on their ecology.  Firstly, the need for large-spatial-scale cognition is evident in the 
nutcrackers, but not in the tits.  Nutcrackers would need to be able to return to the 
correct areas where caches have been placed from sites quite distant to these areas. In 
addition, they would have to know which areas are the most likely to be snow-free and 
therefore allow them to access their caches. This requires them to be able to navigate 
to a number of areas within their home range when food is required.  The mechanisms 
they use for this medium-distance navigation are currently unexplored. Secondly, both 
groups of species have a need for small-spatial-scale cognition. Once nutcrackers find 
themselves in the caching area, they need to use local landmarks to identify the exact 
locations where caches have been placed. This memory needs to be long-lasting for 
these species, as probing the soil randomly would not be an efficient strategy for cache 
retrieval, and they often retrieve caches 6-8 months after making them. Tits also need to 
be able to remember where nearby caches are located, based on local landmarks. 
During the hoarding peak season, they use this memory to help them place new caches 
away from existing caches; this requires a very large-capacity memory system, but it 
only needs to last for 4-5 weeks. For long-term retrieval, they can count on coming 
across the food during normal foraging, as it is hoarded in their own foraging niches. 
During the rest of the winter they use the same local landmark memory to retrieve items 
hidden in the last few days whenever the immediate foraging success is low, in order to 
maintain energy intake during the short winter days.   
 
These differences in spatial strategies are expected to be reflected in the neural basis of 
the memory systems involved (Smulders 2006). Nutcrackers should have neural 
mechanisms that allow for the long-term storage of spatial information that tits do not 
possess. In addition, nutcrackers may have better mechanisms for longer-distance 
navigation than tits do. On the other hand, the tit brain needs to be able to store many 
more locations (at least during a limited period) than does the nutcracker brain. We are 
currently exploring some of these questions. 
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